We simulated two-dimensional pollutant transport in the tidal reach of the Han River and examined the mixing induced by reversed flow. We used the downstream water surface elevation to reflect the tidal constituents of the Yellow Sea when modeling the flow characteristics. We found that reversed flows were repeatedly created and destroyed as the tide varied. The reversed flow affected the spatial variation of the dispersion coefficients and caused the lateral fluctuations of the dispersion coefficient to increase. The change in the flow direction was related to oscillatory variations in the concentration-time curves, and the horizontal recirculation zone at the front of the reversed flow became a storage area where the pollutant cloud was trapped. The concentration-time curves showed oscillatory changes that corresponded with the temporal variations of the flow direction, and the amplitude of the oscillations gradually decreased. The increases in the time for which the polluted water was retained at the riverine parks can be explained by the oscillations on the falling limb of the concentration curves.
INTRODUCTION
Waterfronts are important spaces for recreational activities, and many rivers that cross urban areas have riverine parks that host water-friendly activities. Therefore, to ensure public safety, the water quality in urban rivers needs special consideration and management. There are many riverine parks along the Han River, the main channel and many tributaries of which flow through urban areas of Seoul, South Korea, where residents use the river water directly and indirectly. Sewage treatment plants in Seoul treat the large amounts of domestic wastewater that are generated in the residential areas and are responsible for discharging approximately 5.3 million m 3 of treated water into the tributaries of the Han River every day (Lee & Seo ) . As well as receiving discharges from treatment plants, the tributaries are vulnerable to pollution from several nonpoint sources such as rainwater and runoff from roads and waste thrown directly into the channels. It is therefore useful to study contaminant transport in urban streams to generate information that can be used to support the development of disaster prevention plans that provide for unexpected incidents of water pollution (Guozhen et al. ) . Numerical models that can simulate the concentrations of pollutants in aquatic environments are increasingly used when developing management plans and implementing water quality regulations (Cea et al. ) .
The Han River flows into the Yellow Sea, which is between mainland China and the Korean Peninsula and has the second largest tidal range in the world. Because there is no sea barrage, the estuary of the Han River is directly affected by the tidal currents of the Yellow Sea, and numerical simulations have shown that tidal water can intrude as far as 19.4 km upstream from the river mouth in high tide conditions (Seo et al. b) . The tidal flow and water quality in the Han River. Park & Park () analyzed temporal variations in water quality caused by tidal currents where the Han River flows into the Yellow Sea in Kyeonggi Bay, and reported that large inflows of freshwater at high tide changed the water quality. Park The HDM-2D is governed by the two-dimensional shallow water equations derived by depth-averaging the continuity and momentum equations, as below:
where t is the time, h is the water depth, u i ¼ (u, v) is the depth-averaged velocity vector, g is the gravity acceleration, 
where p i is the perturbation function ( 
where C is the depth-averaged concentration, D ij is the dispersion tensor, k is the reacting coefficient, M is the accidental released mass, and x k0 is the injection point of the mass pollutant. A source term was included in the CTM-2D, the third term on the right-hand side, to simulate accidental contaminant release, and the reaction term was also added to model non-conservative pollutant mixing (Seo & Lee ) . Further, the spatially variable dispersion properties in natural streams were reproduced in the dispersion term using the tensor type dispersion coefficient, which was derived from the transformation of the coordinates, as below (Alavian ): 
The frontal solver was adopted to solve the algebraic equations. The CTM-2D model was coupled with the flow analysis model. The depth-averaged velocity field, used to calculate the advection of the pollutant cloud, was obtained from the results of HDM-2D.
POLLUTANT TRANSPORT IN THE TIDAL REACH
Validating the flow analysis model Figure 4 shows that, even though there were some errors in the times of peak water level, the HDM-2D model adequately reproduced the rising and falling limbs of the changes in the water surface elevation. The mean absolute percentage errors at the Hangang and Jamsu Bridges were 2.18% and 3.19%, respectively.
Pollutant transport in the tidal reach
Even though the sewage from the urban area undergoes sewage treatment, the tributaries of the study reach 
where u Ã ¼ ffiffiffiffiffiffiffiffiffiffi gRS f p and is the shear velocity, R is the hydraulic radius, and S f is the energy slope, calculated from the Manning's formula. Figure 5 shows the spatial dis- We simulated pollutant transport in the study reach from the spatial and temporal variability in the dispersion tensor. When simulating the pollutant transport, we assumed that a conservative pollutant with a concentration of 50 ppm was continuously discharged from both the Jungnang and An-yang streams for 12 hr because of a malfunction in the waste water treatment facilities. In this study, because we wanted to analyze the effect of shear dispersion by flow characteristics without including the material properties of pollutants, we only considered soluble pollutants.
Pollutants that flowed into the main channel from the Anyang mainly affected the left bank while those that flowed in from the Jung-nang affected the right bank (Figure 7) . The downstream boundary elevations were reproduced as shown below:
where η is the water surface elevation, A is the amplitude, ω is the frequency of the tide, and G is the time lag. Figure 9 shows the downstream surface elevations generated with Equation (7) for a discharge of 183.9 m 3 /s, the The tidal curve presented in Figure 6 shows that there was a difference of 1.20 m between the maximum water surface elevation of 3.98 m and the minimum elevation of 2.79 m. The Jung-nang and An-yang were also assumed to have normal flow conditions. The upstream and the downstream boundary conditions for the flow simulations are summarized in Table 1 .
The simulation results of HDM-2D are shown in the concentration curve gradually decreased with time.
Further, the retention time of the polluted water increased because of oscillations along the falling limb of the concentration curves.
The flow simulations were based on measurements of water surface elevation at the Hangju Bridge, and there were errors of between 2.18% and 3.19% in the simulations.
We extended the flow analysis to include the principal lunar semi-diurnal tide, the major tidal constituent of the Yellow Sea. The simulation results showed that the flow direction changed repeatedly and that, of all the parks in the study reach, the reversed flow was maintained at Yeouido Park for the longest time. The reversed flow affected the temporal variations of the dispersion coefficients; of these, the diagonal component of the dispersion tensor caused a storage effect at the front of the reversed flow. The pollutant transport simulation results show that the concentration-time curves at these riverine parks had long tails, which indicate oscillatory falling limbs, and this means that the retention time of polluted water increases. We therefore need to establish response plans for water pollution accidents that consider the effects of tidal trapping in the tidal reach.
